Abstract Reference crop evapotranspiration (ET o ), used to determine actual crop evapotranspiration, is often estimated from pan evaporation (EP) data. However, uncertainties in the relationship between ET o and EP often result in unreliable estimate of crop evapotranspiration. This study investigated the relationship between measured and estimated crop evapotranspirations, ET m and ET e , respectively, at tillering (9-30 days after transplanting, DAT) and mid-growth (51-72 DAT) stages of a rice variety. ET m was measured with a Marriott Tube-type Micro-lysimeter (hereafter referred to Micro-lysimeter) in a ponded rice field and ET e was estimated from EP, which was measured by employing the US Weather Bureau Class 'A' Evaporation Pan (hereafter referred to Class A Evaporation Pan). A strong linear relation (r 2 = 0.89) at the tillering stage and a weak relation (r 2 = 0.48) at the mid-growth stage were obtained between ET m and EP. The slope of this plot provided a pan-crop factor (K p K c ), which was 0.81 at the tillering stage and 0.79 at the mid-growth stage. The ET e versus ET m relationship was also strongly linear (r 2 = 0.90) at the tillering stage but weakly linear (r 2 = 0.50) at the mid-growth stage. The pan-based method thus provided reliable estimates of evapotranspiration during the tillering stage of rice.
Introduction
Determination of crop-water requirement is a first step in planning, design and operation of irrigation projects, the reliability of which warrants efficient use of irrigation water in the field (Rowshon et al. 2006; Trajkovic 2009 ). It requires estimating reference crop evapotranspiration, ET o , or directly knowing evapotranspiration of crops to be grown in the project. Evapotranspiration provides a basic tool for predicting crop-water requirements (Attarod et al. 2005) and computing water balance (Humphrey et al. 1994; Pereira et al. 1999) . It involves a highly complex set of processes, which are governed by a large number of local factors (Dunn and Mackay 1995; Li and Cui 1996; Peacock and Hess 2004; Tsubo et al. 2007 ). Evaporative demand of atmosphere and transport processes of heat and water from soils and plants through the sub layers-adjacent to the evaporative surface and plant canopies-to the outer atmosphere are the dominant governing factors (Kutilch and Neilson 1994) . For an accurate estimate of evapotranspiration, empirically derived crop coefficients based on local climatic conditions, are needed for each crop (Doorenbos and Pruitt 1977) . Field measurements of evapotranspiration being tedious and expensive are restricted to research plots only rather than practical uses in the fields. Micro-lysimeter has gained prominence recently for direct determination of evapotranspiration in research plots. Several methods, such as water balance, empirical formulae or micro-meteorological approaches are usually used in the estimation of evapotranspiration in the practical fields. Of the micrometeorological approaches, FAO Penman-Monteith method is considered an international standard and has been extensively used worldwide by irrigation engineers, agronomists and hydrologists (Allen et al. 1998) . Most methods are however complex and require a number of weather data, the lacking of which in many regions necessitates simple techniques (Trajkovic 2009 ).
Pan evaporation was found related to actual evaporation of irrigated fields (Kahler and Brutsaert 2006) and often used to calculate ET o (Grismer et al. 2002; Snyder et al. 2005; Ertek et al. 2006 ) because of simplicity and low cost of the technique. Trajkovic and Kolakovic (2010) demonstrated simplified pan-based equations as successful alternatives to the Penman-Monteith method for estimating ET o while Trajkovic (2009) converted pan evaporation to evapotranspiration using a radial basis function network. Most pan-based models estimate evapotranspiration by employing a pan coefficient, which is highly dependent on surrounding conditions (Sabziparvar et al. 2010; Roderick et al. 2007 . Sabziparvar et al. (2010 , by evaluating seven existing models, showed that the estimated pan coefficients by majority of the models were not statistically accurate to be used in the pan-ET o conversion method. Consequently, proper model for estimation of pan coefficient in every climate of interest is essential (Conceição 2002) . It is therefore important to investigate relationships between the measured and estimated evapotranspirations to ascertain whether the pan-based estimate can surrogate evapotranspiration determined by the Penman-Monteith method.
Rice is a unique agronomic crop in Malaysia and is grown in a semi-aquatic environment where 50-100 mm standing water is maintained throughout much of the growing season (JICA and DID 1998) to achieve better growth and high grain yield (Mikkelsen and De Datta 1991) . Maintaining a ponding environment, however, requires a higher amount of irrigation in rice compared to other crops. The seasonal water requirements for rice in Malaysia range between 750 and 2,500 mm, with an average of 1,250 mm (Mikkelsen and De Datta 1991) against a worldwide estimate of 450-700 mm (Doorenbos and Kassam 1979) . The availability of water for rice production has recently become critical in the country, especially during the dry season (March-May). The average annual rainfall (2,500 mm) being unevenly distributed, both temporally and spatially, is inadequate for the rice growing seasons and has made irrigation a necessity for the crop. So, accurate estimates of water requirements for rice are crucial for effective and efficient utilization of available water resources. Irrigation management models, based on experimental data, can be applied for this estimate. The objective of this study was therefore (i) to investigate relationship(s) between evapotranspiration of rice, ET m , measured with a Micro-lysimeter and evaporation data, EP, measured by a Class A Evaporation Pan at tillering and mid-season growth stages of rice under ponded environment at KADA irrigation scheme in Malaysia, (ii) to determine an equivalent pan-crop factor, K p K c , that accounts for the combined effects of the pan and crop coefficients for the two growth stages of rice, and (iii) to investigate relationship between pan-based estimate of evapotranspiration, ET e , and ET m , for the two growth stages of the crop. 
Methodology

Reference crop evapotranspiration
Reference crop evapotranspiration, ET o , is one of the most important hydrological variables for scheduling irrigation systems, preparing input data for hydrological waterbalance models, and calculating actual evapotranspiration for a region and/or a basin (Blaney and Criddle 1950; Xu and Singh 2005) . It is a measure of evaporative demand of atmosphere and dependent on climatic factors, but independent of crop type, crop development and management practices. It is therefore computed from meteorological data (Allen et al. 1998) . Different types of method have been developed to model ET o that include water budget (Guitjens 1982) , mass-transfer (Harbeck 1962) , combination of water budget and mass-transfer (Penman 1948) , radiation (Priestley and Taylor 1972) and temperaturebased equations (Thornthwaite 1948; Blaney and Criddle 1950) . One common method to estimate ET o is converting pan evaporation into ET o using a pan coefficient (Sentelhas and Folegatti 2003; Yeh 2006; Martínez Alvarez et al. 2007 ). The Penman-Monteith method has been, however, strongly advocated by FAO as a reliable method to calculate ET o whenever required input data are available (Allen et al. 1998; Droogers and Allen 2002) . It is a physically based method that can be used globally without any adjustments of parameters. In this study, ET o (mm d -1 ) was calculated by
in which EP is measured evaporation from a Class A Evaporation Pan (mm d -1 ) and K p is a pan coefficient, which depends on the exposure of the pan, wind speed, humidity and distance of the pan from homogeneous materials (Jensen 1983) . Under ideal condition of the pan, K p was reported to be 0.85 (Doorenbos and Pruitt 1977) . Xu et al. (2006) and Chen et al. (2005) studied ET o that was derived from the Penman-Monteith method for the Chang Jiang basin in China and found a good agreement of spatial pattern and temporal trend of ET o with the evaporation of a Class A Evaporation Pan.
Micro-lysimeter and Class A Evaporation Pan
Two Marriott tube-type Micro-lysimeters were constructed and installed in the two experimental rice plots. The Microlysimeter consisted of a lysimeter tank in which rice was planted and a Marriott system for taking measurements. The lysimeter tank was made of a polyvinylchloride cylinder of 60 cm height, 20.32 cm internal diameter and 1.5 cm thickness. It had a closed base to prevent water loss due to seepage and two side holes, 51 and 55 cm from the base. The lower opening was used to connect the Marriott tube and the upper one was used to drain excess water when accumulated due to rainfall; the diameter of both opening was 2 cm. The tank was used to provide field environment for the growing plants during the course of data measurements. The Marriott tube consisted of an outer tube (called reservoir) and an inner tube (called bubble tube). The arrangement of the Marriott tube system in the field is depicted in Fig. 2 . The outer tube was made of a 100-cm long and 4.4-cm internal diameter glass cylinder, with both ends open. It served as a reservoir to store water such that any depleted water from the tank due to evapotranspiration was replenished from the reservoir. The inner tube was a 100-cm long and 0.82-cm outer diameter empty cylindrical glass tube. It was inserted into the outer tube and kept in position with the aid of a stop cork. This tube did not contain any water. The air column in the tube pushed water into the Micro-lysimeter tank in response to a fall of water level in the tank.
A 25-cm diameter and 50-cm deep hole was drilled at a suitable site in each rice plot by excavating soil with an auger of diameter equal to that of the hole. A Microlysimeter tank was lowered into each hole and the excavated soil was used to refill in and around the tank. The soil in the tank was kept at the same level of the surrounding ground surface. The Marriott tube was connected to the lower opening of the tank via a flexible rubber tubing having a clip to stop water delivery during refilling of the Marriott reservoir. The connections were simple but leak proof. A stand clamp was inserted into the soil to give mechanical support to the Marriott system. One rice hill was uprooted from the field carefully without any damage to the roots and transplanted in the tank. Water was added in the tank to a depth of 50 mm, which was same as that in the field. The Marriott tube was adjusted such that the water level in the lysimeter tank was at the same elevation with the lower tip of the inner tube (bubble tube) and clamped in position (Fig. 2) . The water levels at the lower tip of the bubble tube and the lysimeter tank were at atmospheric pressure. So, any drop in water level in the tank, due to the water loss by evapotranspiration, caused water in the outer tube to flow into the tank until the levels were equal. Air bubbles entered the outer tube from the bubble tube during this process, causing water level in the outer tube to drop. The water levels in the outer tube were read from a graduated tape attached to it. The quantity of water lost was obtained from the difference between the initial and final water level readings. Water level measurements in the lysimeter were taken daily at 09:00 am local time (GMT ?8.0). The US Weather Bureau Class A Evaporation Pan is a widely used device for measuring evaporation from open water surface. It is circular in cross-section, 120.7 cm in diameter and 25 cm deep. Such an evaporation pan was installed in the KADA irrigation scheme (Fig. 3) within a distance of 50 m of the Micro-lysimeter to measure evaporation. As per requirement, the water level in the pan was kept at 50 mm below its rim. The water level was measured daily with the help of a hook gauge and the difference between two successive daily readings provided the daily value of evaporation.
Calibration
The volume of water delivered from the Marriott reservoir into the lysimeter tank to maintain a constant water level was the loss due to evapotranspiration. The ET m (mm d -1 ) was calculated from the drop in water level in the reservoir, DH (mm), by
in which r 1 is the inner radius of the outer Marriott tube (mm), r 2 is the outer radius of the inner Marriott tube (mm) and A is the effective cross sectional area of the lysimeter tank (mm 2 ). To eliminate the effects of meteorological factors from ET m , a relative evapotranspiration, called a pan-crop coefficient, K p K c , was defined by
in which ET m is the crop evapotranspiration measured with the Micro-lysimeter, K p is a pan coefficient, K c is a crop coefficient and EP is the measured evaporation from the Class A pan. A simple linear regression analysis was done with ET m and EP to evaluate their interrelations for the young rice at tillering stage (plot 1) and matured rice at mid-growth stage (plot 2).
Results and discussion
Rice evapotranspiration and pan evaporation The observed values of ET m were within 4-9 mm day -1 , which are usually quoted values for major rice producing areas in Asia (JICA and DID 1998) .
Crop coefficient and pan coefficient
The ratio of the measured evapotranspiration to pan evaporation (ET m :EP), called the pan-crop coefficient, K p K c , was found to be 1.17-1.82 with an average of 1.33 at the tillering stage and 1.28-1.73 with an average of 1.65 at the mid-growth stage of rice. The K p K c continued increasing up to reproductive stage of rice, and its utmost value was obtained at the full panicle development stage when most of the water loss occurred by transpiration. During mid-growth stage, K p K c drops slightly.
As illustrated in Fig. 5 , ET m maintained a strong linear relation (r 2 = 0.89) with EP for the young rice at tillering stage. The slope of the regression line (Fitted line 1) was 0.81, which fairly agreed with the pan-crop coefficient (0.90) reported by Doorenbos and Pruitt (1977) . The linear model, however, provided a weak relation (r 2 = 0.48) between ET m and EP at the mid-growth stage. The slope of the regression line (Fitted line 2, Fig. 5 ) was 0.79. It was speculated that the observed weak relation at the mid-growth stage might be due to rapid and considerable variation of the crop coefficient, K c , at that stage of the crop. Figure 6 demonstrates variation of the estimated evapotranspiration, ET e , with that measured with the Micro-lysimeter, ET m , for the tillering stage of rice. There was a strong linear relation (r 2 = 0.90) between ET e and ET m (Fitted line 1) . For the mid-growth stage of the crop, the relation between the two sets of evapotranspiration was weak (r 2 = 0.50). Although Nakagawa (1976) reported more influence of climatic conditions than growth stages on the evapotranspiration of rice, we obtained dominant influence of the growth stages. Our results agree with that of Doorenbos and Pruitt (1977) , who reported considerable influence of growth stages and water status in the field on the evapotranspiration of rice.
Conclusions
Evapotranspiration of a rice field measured by employing a Micro-lysimeter (ET m ) was linearly and strongly correlated to that estimated from water surface evaporation measured with the US Weather Bureau Class A Evaporation Pan for young rice at tillering stage. Consequently, the crop coefficient for rice changed over time at a constant rate. For the matured rice at mid-growth stage, the crop coefficient did not change linearly with time. The pan-crop coefficient can therefore be established at the growth stage of rice, where crop coefficient changes linearly. The combined coefficient provides a simple and reliable method for computing cropwater requirements and irrigation scheduling. It is therefore evident that irrigation management model(s) can be used to estimate, effectively and efficiently, agricultural water requirements for different cropping patterns. 
